This study presents a microcomputer-based ultrasonic system which measures air temperature by detecting variations in the speed of sound in the air. Changes in the speed of sound are detected by phase shift variations of a 40 kHz continuous ultrasonic wave. In a test embodiment, two 40 kHz ultrasonic transducers are set face to face at a constant distance. Phase angle differences between transmitted and received signals are determined by a FPGA digital phase detector and then analyzed in an 89C51 single-chip microcomputer. Temperature is calculated and then sent to a LCD display and, optionally, to a PC. Accuracy of measurement is within 0.05°C at an inter-transducer distance of 10 cm. Temperature variations are displayed within 10 ms. The main advantages of the proposed system are high resolution, rapid temperature measurement, noncontact measurement and easy implementation.
I. INTRODUCTION
Many methods have been introduced to measure the temperature of a gas. Various electronic transducers such as the thermistor, thermocouple, or thermopile can detect and measure temperature with good resolution.
1 These transducers also require physical contact with the gas being measured.
The speed of sound in a gas has been extensively studied, and it has been found that propagating sound waves are extremely sensitive to atmospheric changes. 2 The speed of sound according to Boyle's law in an ideal gas at a constant pressure is given by
where ␥, R, T, and M are the specific heat ratio, universal gas constant, the absolute temperature ͑in Kelvin͒ and molar mass, respectively. As can be seen from Eq. ͑1͒, the effects of temperature on the speed of sound are relatively large. It is therefore common measurement technique to use the speed of sound to calculate the average temperature of air in a propagation path. 3, 4 Traditional acoustic measurement of average temperature is based on pulse-echo techniques, [5] [6] [7] [8] where distance information is retrieved from time-of-flight measurement, i.e., a distance between the transmitter and the receiver divided by ultrasonic pulse travel time over the distance gives the average speed of sound between transmitter and receiver. Because the speed of sound varies directly with temperature, the absolute temperature of a given gas or material in the path of propagation can be calculated directly from this information. Low-frequency sound is popular for measurement of sound propagation at ranges from 100 to 1400 m 9 because higher frequencies attenuate more rapidly with distance. However, sound travel time at ranges from 10 to 100 cm is short for time-of-flight measurement and becomes subject to high levels of error. More accurate measurements, however, can be obtained by using information from phase shift comparison of transmitted/received highfrequency continuous waves. 10, 11 The formula can be written as
Here L is the distance between the transmitter and the receiver, n 1 is the number of wave periods ͑0-2 cycles during phase shifting͒, 1 is the phase shift, f is the ultrasound frequency, and c is the speed of sound in air. In variant temperature of air in a propagation path, the phase shift relates to change in the speed of sound at fixed distance L. One advantage of high frequency is that it creates many repeated measurements over a time period in which low-frequency measurement would have only one sampling. Phase shift a͒ Author to whom correspondence should be addressed; electronic mail: msyoung@mail.ncku.edlu.tw operation offers a special advantage by eliminating a class of attenuation problems that accompany short-burst transmission, which undergo nonlinear signal distortion during start up as a result of transmitting transducer mechanical spring coefficients, producing audio signals with slow-onset envelopes. The slow onset makes the exact signal start time unclear to the receiver. Continuous wave transmission likewise has start/stop envelope problems, but during continuous operation these problems are gone.
As the temperature of a gas varies, the speed of sound varies and thus, during continuous measurement, the phase shift varies from 0 to 2, i.e., one wave period or more. Counting the number of wave periods and adding in the final wave period fraction can calculate larger temperature variations. We can rapidly acquire the average temperature in one phase-shift period. These ultrasonic phase measurements are used to measure the speed of sound and, from that, the average temperature of the gas in the propagation path of sound.
II. METHOD

A. Calibration system
The block diagram in Fig. 1 shows the PC-controlled system's pair of matched ultrasonic transducers. The location of the transmitter is fixed, and the receiver can be moved at slow and constant speeds along a one-dimensional ball screw driven by a stepping motor. A continuous frequency square wave is transmitted from the ultrasonic transmitter. Transmitter/receiver phase difference is detected by a digital phase meter designed by our group with a resolution of 2/ 1000 rad. System calibration begins with an initial transmitter/receiver distance L 0 of 50 mm. Phase measurement begins; the receiver is moved slowly and at constant speed relative to the transmitter along a ball screw driven by the stepping motor to a transmitter/receiver distance L of 100 mm, giving a ⌬LϭLϪL 0 of 50 mm. The phase shift measured at distance L 0 is designated 0 . Phase shift measured at distance L is designated . As the receiver is moved during calibration, the phase shift is continuously monitored and recorded by the PC. The expression for the difference of the distance may be derived from Eq. ͑2͒ as follows:
Here f is the ultrasound frequency, n is the number of wave periods ͑0-2 cycles during phase shifting͒, and ⌬ϭ2 Ϫ 0 ϩ. The total phase shift measured while moving the receiver the distance ⌬LϭLϪL 0 is typically greater than one wave period ͑also called wavelength͒. Thus, total phase shift is expressed in terms of a number of wave lengths n and a phase shift fraction of a wavelength ⌬/2, where n is the number of times that the phase shift changes from 0°to 360°d uring motion of the receiver. The time required by the ultrasonic wave to travel (⌬L) is (nϩ⌬/2)*1/f . Phase shift 0 and n are constant for a fixed temperature. However, the effects of temperature on the speed of sound are relatively large, so 0 and n vary as the temperature of the environment varies. These values for 0 and n are assembled as a look-up table that is stored in the memory of 89C51 singlechip microcomputer. Figure 2 shows the variation of phase shift as drawn by LabVIEW ͑National Instruments, USA͒ software and displayed on the PC screen. In this figure, plotted as phase shift versus ⌬L, phase shift from output of digital phase meter is sampled at a constant rate of 100 Hz and the stepping motor is moved at a constant rate of speed of 800 m/s. Initial distance L 0 is 50 mm and final distance L is 100 mm, giving a final ⌬L of 50 mm. As seen in the figure, the initial phase shift 0 is 274.28°, after which the phase shift increases rapidly to 360°, then falls almost instantly to 0°, and then begins to increase. This cyclic ramp behavior continues, with slightly decreasing distance between successive ramps. The number of these ramps in n, and Fig. 2 shows a total n of 5. The final phase shift is 157.72°and ⌬ϭ360°Ϫ 0 ϩ ϭ360°Ϫ274.28°ϩ157.72°ϭ243.44°. The frequency of the ultrasound is 40 kHz, so the travel time is ͑5ϩ243.44/360͒*1/40 kHzϭ0.141 906 ms and the speed of sound is 50.00 mm/0.141 906 msϭ352.346 m/s at T ϭ35°C.
B. Measurement of sound speed and temperature
In Fig. 1 , two transducers identical to those used during calibration are set facing each other at the fixed distance L. The digital phase meter measures , but instead of being sent to a PC, the value is sent to an 89C51 single-chip microcomputer for further processing. Unlike the calibration system, it contains a temperature sensor located at distance L 0 . This temperature sensor is thermally isolated from its holder, but is otherwise in free contact with the air in the propagation path. At the start of this operation, the system measures the approximate air temperature and then consults the look-up table to obtain 0 and n for use in Eq. ͑3͒. We will acquire the average speed of sound in air.
In a normal gas or mixture of gasses at constant pressure, the average speed of sound is a function of average temperature when the influence of gas flow is small. 2 Because the earlier ultrasonic system is closed, the influence of gas flow can be neglected. After the average speed of sound is measured, the average temperature of air in the propagation path is given by Eq. ͑1͒.
III. SYSTEM IMPLEMENTATION
A. System hardware
The system hardware can be conveniently divided into five modules. With reference to the block diagram of Fig. 1 , explanation of the modules follows.
Signal source
A crystal oscillator circuit is used to generate a stable signal with a base frequency of 40 MHz. A divider whose divisor is set as 1000 divides the basic frequency to produce a 40 kHz signal. Another divider whose divisor is set as 400 divides the 40 kHz to produce a 100 Hz signal. The 40 kHz signal is connected to the operational amplifier to supply a 40 kHzϮ12 V output signal which is directly connected to a 40 kHz ultrasonic transmitter. The 100 Hz signal is used to interrupt the 89C51 single-chip microcomputer to get the phase shift at the distance L from the digital phase meter module and calculate the average temperature of the propagation path.
Analog amplifier and voltage comparator
The 40 kHz transmitted signal is detected by a transducer identical to that used in the transmitter. Acoustic attenuation effects are large when the distance between transmitter and receiver is over 5 cm. Phase detection errors are primarily due to reduced amplitude levels at the receiver. To reduce error from acoustic attenuation, the received signal is amplified 1000 times. It is then converted by a voltage comparator into a square wave. The square wave is made TTLcompatible by a 0-5 V limiter circuit which is then connected to the digital phase meter.
Altera FLEX10K10 digital phase meter
A programable logic device FPGA FLEX10K10 ͑Altera, USA͒ is used to detect phase shift . The FPGAs gate configuration was designed by us using the Verilog hardware description language ͑Cadence, USA͒. Figure 3 shows the function block diagram of the FPGA chip as configured for our system. A 40 MHz crystal oscillator provides a system clock. A divide-by-1000 counter converts the 40 MHz clock signal into a 40 kHz signal which is used as the transmitted signal and as the reference signal when measuring phase. Transmitted and received signals are compared in an XOR gate whose output pulse width represents the phase difference. A divide-by-1000 counter detects phase difference with a resolution of 2/1000 rad. The information from the digital phase meter is then send to the 89C51 single-chip microcomputer.
89C51 single-chip microcomputer
Our 89C51 single-chip microcomputer is made by Atmel ͑USA͒. The 40 kHz signal mentioned in the preceding section is changed to 100 Hz in a divide-by-400 counter ͑Fig. 3͒ and used as an interrupt signal, thereby establishing the system sampling rate. The 89C51 input representing phase shift at L is a 16-bit word from the digital phase meter. The microcomputer computes the speed of sound and the average temperature of the propagation path, then displays them on a LCD.
Microcomputer software is described by the flowchart in Fig. 4 . Operation is straightforward. However, a critical point is reached when the phase shift changes from 360°to 0°or 0°to 360°. When the 0°-to-360°point is crossed, n is increased by 1 if phase shift is increasing, or decreased by 1 if phase shift is decreasing.
Stepping motor
A one-dimensional ball screw connects the receiver mount with a stepping motor. The stepping motor controller connects with the PC via an RS232 interface. The stepping motor has 400 steps per circle and the resolution of ball screw is 10 m per step, i.e., the lateral motion is 4 mm per screw revolution. Net transducer lateral travel speed during calibration is thus programable from 140 to 8000 m/s.
B. System software
Control software for the calibration system PC was written on LabVIEW 5.1 ͑National Instruments, USA͒. This software can store, display, process, and analyze data from the measurement system. As stated, the PC is used only for calibration, after which the stand-alone system operates autonomously. Software for the 89C51 was written in C language ͑IAR, USA͒. The microcomputer is clocked by a 100 Hz interrupt signal from the FPGA.
IV. TESTING THE SYSTEM
A. Experimental method Figure 5 shows our calibration prototype, minus the PC. In this figure, we can see the transmitter/receiver transducers and stepping motor in the temperature control box. A temperature-controlled chamber is used to control temperature of air in the propagation path for the following tests. First, recording the phase shift 0 at the distance L 0 of 50 mm and n at the distance ⌬LϭLϪL 0 of 50 mm, the calibration procedure is repeated in our controlled-temperature box at temperatures ranging from 0 to 80°C, at temperature intervals of 1°C. Second, by using the measurement system, the average speed of sound is calculated based on Eq. ͑3͒, and the average temperature of air in the propagation path is acquired.
B. Results
Combining the results of n and 0 for temperatures from 0 to 80°C gives the experimental results shown in Figs. 6 and 7, which together comprise the data stored in the look-up table of the measurement system. In Fig. 6 , it can be seen that the measurable temperature range is approximately 50°C for one wave period. Thus, the maximum temperature resolution of the system at this temperature is 50°C/1000 ϭ0.05°C.
Finally, the results of the measurement system run at 1 and 35°C in our controlled-temperature box. At 1°C, initial phase shift 0 ϭ37.5°, nϭ6 from the look-up table, phase shift ϭ45.5°from output of digital phase meter and ⌬ϭ8°. From Eq. ͑3͒, the speed of sound is 332.103 m/s. Then, from Eq. ͑1͒, the calculated temperature of the temperature control chamber is 1.21°C. At 35°C, the results of a similar test are 0 ϭ274.28°, nϭ5, ϭ157.72°, and ⌬ϭ243.44°. The speed of sound is 352.346 m/s and the calculated temperature of the temperature control chamber is 35.65°C.
V. DISCUSSION
A new ultrasonic temperature measurement system has been successfully employed to determine average air temperature based on changes in the speed of sound. Unlike previous time-of-flight determination of the speed of sound, the proposed system measures phase shift changes between transmitted and received ultrasonic waves. These phase shifts are detected by a digital phase meter of our design, after which they are processed by a single-chip microcomputer to yield first the speed of sound in air and, secondly, the average temperature of the path of sound propagation. Figure 8 shows a plot as the receiver is moved from 0 to 100 mm. The width of each ramp clearly undergoes progressive decrease as the transmitter/receiver distance increases. However, this decrease becomes approximately constant when the distance becomes greater than 50 mm. According to Jeng and Liu, 12 this phase shift is detectable after the ultrasound amplitude has dropped to very small values, indicating the proposed technique is applicable to long distances. The change of ramp width with distance can be modeled by Green's function in atmospheric medium. To accurately measure the speed of sound at 40 kHz, the distance between transmitter and receiver needs to be over 50 mm, making use thereby of the approximately constant ramp width for these distances.
Traditional time-of-flight thermal measurement has been unable to work accurately at short distances. The proposed system, on the other hand, works successfully at distances down to approximately 6 cm. We fear, however, that application of the proposed system at longer distances will encounter problems with high n values, since n and L are positively correlated. The measurement system initiation requires thermocouple measurement of approximate real temperature, and from this temperature 0 and n are selected from the look-up table. As n increases, selection of the wrong look-up table value is increasingly likely. The main advantages of the proposed system relative to previous systems are high resolution, rapid measurement, noncontact measurement, and easy implementation.
Future work: Utilization of the proposed methodology as temperature compensation for various devices. Incorporation of the proposed methodology as temperature compensation into a phase-shift-based ultrasonic vibration detector.
